c Neurite growth requires neurite extension and retraction, which are associated with protein degradation. Autophagy is a conserved bulk degradation pathway that regulates several cellular processes. However, little is known about autophagic regulation during early neurite growth. In this study, we investigated whether autophagy was involved in early neurite growth and how it regulated neurite growth in primary cortical neurons. Components of autophagy were expressed and autophagy was activated during early neurite growth. Interestingly, inhibition of autophagy by atg7 small interfering RNA (siRNA) caused elongation of axons, while activation of autophagy by rapamycin suppressed axon growth. Surprisingly, inhibition of autophagy reduced the protein level of RhoA. Moreover, expression of RhoA suppressed axon overelongation mediated by autophagy inhibition, whereas inhibition of the RhoA signaling pathway by Y-27632 recovered rapamycin-mediated suppression of axon growth. Interestingly, hnRNP-Q1, which negatively regulates RhoA, accumulated in autophagy-deficient neurons, while its protein level was reduced by autophagy activation. Overall, our study suggests that autophagy negatively regulates axon extension via the RhoA-ROCK pathway by regulating hnRNP-Q1 in primary cortical neurons. Therefore, autophagy might serve as a fine-tuning mechanism to regulate early axon extension.
N
eurons have highly polarized structures, including axons and dendrites, which are important to their specialized functions. Accordingly, their proper development is crucial to the formation of appropriate neuronal connections and function (1) (2) (3) . Neurons extend excessive neuritic projections into target regions, after which orphan neurites are pruned (1, 4) . During early growth and active developmental refinement of axons and dendrites, new protein synthesis and protein degradation are important to the formation of a functional neural network (5) (6) (7) (8) . Interestingly, pruning during neurite development is morphologically similar to neurite degeneration following nerve injury (9) . The ubiquitinproteasome pathway (UPS) is a protein degradation pathway involved in neurite retraction, synaptic elimination during neurite and synaptic development, and neurite regeneration after injury (10) (11) (12) . In addition to UPS, autophagy is a conserved bulk lysosomal-degradation pathway that is involved in cell survival, differentiation, development, and homeostasis (13, 14) . There are three types of autophagic pathways, microautophagy, chaperonmediated autophagy, and macroautophagy (referred to as autophagy), and they have been extensively investigated in organisms ranging from yeast to humans using genetic and biochemical approaches (15, 16) . Although all cell types have autophagic pathways, cells comprising different tissues have different activities and mechanisms for regulation of autophagy (17) . Once autophagy is activated, cytoplasmic proteins or organelles are sequestered by double-or multi-membrane-bound autophagosomes, after which they are fused with lysosomes for final degradation (18) .
There is a growing body of evidence that autophagy is constitutively active in healthy neurons (17, 19, 20) . Mice with specific deletion of atg5 or atg7, which are essential genes for autophagosome formation (21, 22) , from the central nervous system (CNS) show accumulation of ubiquitin-positive inclusions, neurodegeneration, and motor dysfunction, indicating that constitutive neuronal autophagy regulates cellular homeostasis (21, 22) . Moreover, Purkinje neuron-specific autophagy-deficient mice exhibit axon swelling, indicating that autophagy regulates axon homeostasis (23) . According to a recent report, the autophagic pathway can also regulate presynaptic structure and function in dopaminergic neurons, indicating that it is involved in synaptic plasticity (24) .
Autophagy in neurons is also associated with the pathology of several neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and frontotemporal dementia (FTD) (25) (26) (27) (28) . The disruption of autophagic flux contributes to disease progression, indicating that proper regulation of autophagy is essential to neuronal-cell survival (29) . Indeed, massive accumulation of autophagic vacuoles, including autophagosomes and autolysosomes, is also observed in axon regions and cytoplasm in many neurodegenerative diseases (19, 28) . Moreover, autophagy is induced and activated to reduce neuronal cytotoxicity and protect neurons under various stress conditions, such as protein accumulation, hypoxic ischemia, or excitotoxic stimuli (28, 30) .
Despite increasing studies of autophagy in mature neurons, the exact role of autophagy during early neurite growth is largely unknown in vitro and in vivo. Autophagosomes have been reported to accumulate in developing neurons during brain development (31) . Lysosomal activity has also been associated with axon pruning in vivo (32) . A recent study showed that autophagosomes exist in both axon and somatodendritic regions and move dynamically along the axon in cultured neurons, indicating their possible roles in early neurite growth and morphological plasticity (28, (33) (34) (35) . Despite some indications of involvement of the autophagic pathway in neurite formation and growth, little is known about the regulation and exact function of the autophagic pathway during early axon or dendritic growth of postmitotic neurons.
In this study, we investigated the roles of the autophagic pathway in early neurite growth in cultured cortical neurons, a wellcharacterized model for investigating early neurite growth in a time-dependent fashion (36, 37) . We showed that autophagy-related genes were indeed expressed and mTOR was inhibited during early neurite growth and that autophagy was activated during this stage in cultured cortical neurons. Inhibition of autophagy by atg7 small interfering RNA (siRNA) led to elongation of the axon, while activation of autophagy by rapamycin reduced early axon growth. We also showed that autophagy negatively regulates early axon elongation through the hnRNP-Q1-RhoA-Rho-associated protein kinase (ROCK) signaling pathway. Based on these findings, we propose that autophagy acts as a fine-tuning mechanism to regulate axon morphological plasticity by controlling axon extension during early neurite growth in vitro.
MATERIALS AND METHODS

Molecular cloning.
Human cDNA of wild-type RhoA or the constitutive active form (RhoA G14V ) was obtained from Addgene (Cambridge, MA). For mammalian expression, each RhoA cDNA was generated using specific primers (sense, 5=-CGCCAAGCTTATGGCTGCCATCCGGAAG-3=; antisense, 5=-CGACCTCGAGTCACAAGACAAGGCACCC-3=) and then subcloned into the BamHI-HindIII site of a 3ϫFlag CMV7.1 vector (Sigma, St. Louis, MO). For hnRNPQ-1 siRNA or atg7 siRNA, synthetic siRNA against mouse and rat hnRNP-Q or ATG7 was generated as previously described (38, 39) . Specifically, the siRNAs were as follows: hnRNP-Q1, 5=GCAAGCAGCAAAGAAUCAAAUGUAU-3= and 5=-AUACAUUU GAUUCUUUGCUGCUUGC-3=; control, 5=-CCUACGCCACCAAUUU CGU(dTdT)-3= and 5=-ACGAAAUUGGUGGCGUAGG(dTdT)-3=; siatg7, 5=-GCAUCAUCUUUGAAGUGAA-3= and 5=-UUCACUUCAAAGA UGAUGC-3= (Bioneer, Munpyeongseo-ro, South Korea).
Cell cultures, transfection, and immunocytochemistry. Cortical neurons from embryonic day 17 (E17) or E18 Sprague-Dawley rats (Samtako, Gyeonggi-do, South Korea) were cultured as previously described (26, 40) . Each DNA plasmid was transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) or calcium phosphate reagents (Clontech, Mountain View, CA) into cortical neurons at 1 or 3 days in vitro (DIV1 or DIV3) according to the manufacturer's protocol. For siRNA transfection, each siRNA (75 to 90 pmol/l/well) aliquot was incubated in cell culture medium using RNAi Max reagents (Invitrogen), followed by the addition of trypsinized neurons or mouse embryonic fibroblasts (MEFs) according to the manufacturer's protocol.
For activation of autophagy, 10 nM rapamycin (Sigma) or dimethyl sulfoxide (DMSO) was incubated at DIV1 for 12 to 14 h in cultured cortical neurons. For inhibition of ROCK under autophagy activation, 50 M Y-27632 (Sigma) was added to cultured cortical neurons 1 h after rapamycin treatment for 12 to 14 h. To inhibit autophagy, atg7 siRNA with or without siRNA-resistant human atg7-c-myc was transfected into cultured cortical neurons at DIV1, and the neurite length was measured 2 days later. For the rescue experiment, wild-type (WT) RhoA (RhoA WT ) or the constitutive active form of RhoA (Rhoa G14V ) was transfected with either scrambled siRNA or atg7 siRNA at DIV1, and neurons were fixed with 4% paraformaldehyde (PFA) for 10 min 2 days later. For immunostaining, transfected neurons were permeabilized with 0.1% Triton X-100 for 5 min and then blocked with 3% bovine serum albumin (BSA) for 1 h at room temperature. After blocking, cells were incubated with anti-cmyc (Thermo Science, Waltham, MA 1:100) for 1 h and then incubated with anti-Cy3 or anti-DyLight 488 secondary antibodies (Jackson Laboratory, Bar Harbor, ME) for 1 h at room temperature. For inhibition of autophagy by pharmacological methods, 3-methyladenine (3-MA) (10 mM) was applied to cultured cortical neurons at DIV2 for 14 to 16 h.
Quantification of neurite length. Anti-Tau1 (Millipore, Billerica, MA; 1:200)-positive and anti-microtubule-associated protein 2 (MAP2) (Millipore; 1:200)-positive neurites were used for measurement of the axon or dendrite length, respectively. Neuronal images were then obtained using an LSM 510 confocal laser scanning microscope (LSM700; Carl Zeiss, Oberkochen, Germany). Neurite length was measured and quantified using the Image J, Adobe Photoshop CS3, and GraphPad Prism5 programs. The lengths of 20 to 30 neurons in each experimental group were measured and quantified from 3 to 5 independent experiments. Semiquantitative RT-PCR analysis. Total RNA was extracted from neurons or MEFs using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RT-PCR experiments were carried out with cDNA generated from 1 g of total RNA using the Superscript III firststrand synthesis system (Invitrogen). The RT-PCR exponential phase was determined based on 22 to 30 cycles to allow semiquantitative comparisons of cDNA obtained from the same reactions with nTaq DNA Polymerase (Enzynomics, Daejeon, South Korea). The primers were as follows: rat hnRNP-Q1, sense, 5=-GTAAAGTGACAGAGGGTCTC-3=, and antisense, 5=-TCCATAGCCTTGACAGCACC-3=; mouse hnRNP-Q1, sense, 5=-TGGTGCTGTCAAGGCTATGG-3=, and antisense, 5=-CATAT CCACCACGATAGTTAT-3=. RT-PCR was conducted by subjecting the samples to cycles of 94°C for 15 s, 60°C for 15 s, and 72°C for 15 s.
RESULTS
Autophagy is activated during early neurite growth of cultured cortical neurons. To investigate whether autophagy is involved in early neurite growth in mammalian neurons, we first examined the expression of ATG5, p62, and LC3, which are key components required for autophagy (21, 42, 43) . Interestingly, the levels of ATG5, p62, and LC3-II were significantly elevated between DIV2 and DIV3 and sustained during early neurite growth (DIV1 to DIV5), indicating that autophagic components are indeed expressed in the recapitulated culture system of early neurite growth (Fig. 1A to C and F) .
To further characterize autophagy during early neurite growth, we checked the level of LC3-II, a marker of autophagosomes that is processed from LC3-I and specifically localized to autophagosomes (43). The LC3-II level was significantly elevated at DIV3, after which it remained high ( Fig. 1A and D) . Increases in LC3-II could be due to the activation of autophagy or inhibition of the maturation or degradation of autophagosomes (44) . To determine autophagic flux during early neurite growth, we investigated LC3 and p62 turnover by Western blotting in the presence of an inhibitor of lysosomal protease, leupeptin or ammonium chloride (NH 4 Cl), which inhibits acidification in lysosomes (44, 45) . The levels of LC3-II and p62 increased in the presence of an inhibitor of lysosome protease or a lysosome-trophic reagent, indicating that LC3-II and p62 were actively degraded in lysosomes during early neurite growth in cultured cortical neurons (Fig. 1F) .
Consistent with our Western blot analysis, red fluorescent protein (RFP)-green fluorescent protein (GFP)-LC3-positive autophagosomes accumulated in cell bodies ( Fig. 1G and H) , and RFP-LC3-positive autophagic vacuoles were localized to proximal or distal regions of axons at DIV3 (Fig. 1I , a, b, and c). Notably, the increase in LC3-II was sustained until DIV11, at which time the neuronal morphology was almost mature, suggesting an active role of autophagy in neuronal morphogenesis and function (Fig. 1J) .
We further examined the mTOR pathway, a negative regulator of autophagy induction, by checking the phosphorylation of p70S6 kinase (46) . Phosphorylation of p70 was significantly reduced from DIV3 onward, suggesting that inhibition of mTOR may be associated with activation of autophagy during the early stages of neurite growth in culture, even though inhibition of mTOR affects the autophagy-independent pathway (47) (Fig. 1A and E). Taken together, these data indicate that components of autophagy are expressed and autophagy is activated during early neurite growth in cultured neurons.
Autophagy suppression by atg7 siRNA induces axon elongation. To elucidate the functional significance of autophagy activation during early neurite growth, we inhibited the autophagy pathway by transfecting atg7 siRNA into cultured cortical neurons (DIV1). atg7 siRNA indeed reduced the ATG7 level in differentiated cortical neurons ( Fig. 2A ; see Fig. 4E ). atg7 siRNA also re- To determine if autophagy regulates early neurite growth, atg7 siRNA and GFP were cotransfected into cortical neurons at DIV1. Two days posttransfection, total neurite length was increased significantly in response to the knockdown of ATG7 ( Fig. 2D and E). Neuronal viability was not affected by atg7 siRNA for 2 to 3 days posttransfection ( Fig. 2G) (40) . To rule out any off-target effects of atg7 siRNA, siRNA-resistant human atg7-c-myc was cotransfected with siRNA at DIV1. siRNA-resistant ATG7 rescued increased neurite length ( Fig. 2D and E) . Moreover, inhibition of autophagy by 3-MA, a general inhibitor of autophagy, also increased total neurite length, suggesting the possible roles of autophagy in neurite growth ( Fig. 2H and I) . These results show that autophagy controls neurite extension during the early stages of neurite growth.
To examine whether autophagy affects axon and/or dendritic growth, axon and dendritic lengths were measured by immunolabeling of the axon marker Tau1 or the dendritic marker MAP2 (data not shown). Axon length was significantly increased in response to the knockdown of ATG7, while no significant difference in dendrite length was observed (Fig. 2E) . Moreover, axon branching was not affected by reduction of ATG7 (Fig. 2F ). Taken together, these results show that reduction of autophagy by knockdown of ATG7 causes abnormal overelongation of axons during the early stages of neurite growth.
Autophagy induction by rapamycin suppresses axon growth during early neurite growth. To further confirm the role of autophagy during early neurite growth, we pharmacologically induced the autophagic pathway with rapamycin during DIV1 and DIV2, a stage in which autophagosomes were almost undetectable in developing cultured neurons. Rapamycin treatment increased the level of LC3-II (Fig. 3A) , which was further increased in the presence of ammonium chloride (Fig. 3B ) and caused accumulation of RFP-LC3-positive autophagosomes (Fig. 3C) . Rapamycin treatment also decreased the phosphorylation of p70S6 kinase, a serine/threonine kinase that is a downstream target of mTORC1 and is considered a negative regulator of autophagy (46) (Fig. 3A) . Interestingly, neurons treated with rapamycin showed significant reduction in axon length ( Fig. 3D and E) . To rule out non-autophagy-related effects of rapamycin on neurite growth, we inhibited the autophagic pathway with atg7 siRNA under rapamycin treatment. Suppression of autophagy by atg7 siRNA rescued the rapamycin-mediated axon reduction phenotype, confirming that rapamycin-mediated autophagy suppresses axon extension during the early stages of neurite growth in primary neurons ( Fig. 3D and E). However, atg7 siRNA itself had no significant effects on neurite length at DIV1 to DIV2 (Fig. 3F and G) . This might have been due to low expression of autophagic machinery or to autophagy having little effect on neurite growth at DIV1 and DIV2 (Fig. 1A and B and 3D to G) . Taken together, these results show that autophagy negatively regulates early axon extension in cultured cortical neurons.
RhoA is downregulated by inhibition of autophagy, while it is upregulated during autophagy activation in developing neurons. Since autophagy negatively controls axon growth during the early stages of neurite growth, it is important to determine how it affects early axon growth. Therefore, we attempted to identify the mechanistic link between autophagy and axon growth. To accomplish this, we examined RhoA, a small GTPase belonging to the Rho family that is a well-characterized modulator of axon morphology (48) . RhoA has been shown to play a role in various aspects of axon development, such as axon initiation, guidance, elongation, and branching (49) . RhoA has also been shown to negatively regulate neurite outgrowth and extension (50) . Therefore, we investigated whether RhoA was involved in autophagyassociated axon growth in cultured developing neurons.
We reasoned that if RhoA modulates axon growth via autophagy, its expression pattern might be correlated with that of autophagy-related gene expression during early axon growth. Interestingly, the RhoA protein level was elevated between DIV2 and DIV3, indicating that the timing of upregulation of RhoA coincides with that of autophagy-related gene expression ( Fig. 1 and  4A and B). We next investigated the RhoA level upon knockdown of ATG7 by siRNA or 3-MA during the early neurite growth of cultured cortical neurons (DIV1 to DIV3). Exposure to 3-MA or knockdown of ATG7 at DIV1 to DIV3 significantly reduced the RhoA level, indicating that inhibition or reduction of autophagy downregulates RhoA (Fig. 4C to F) . To further confirm whether RhoA is affected by autophagy, we examined RhoA levels in the MEFs of autophagy-deficient atg5 Ϫ/Ϫ mice (41) and found that they were reduced ( Fig. 4G and H) . Taken together, these data strongly suggest that autophagy affects RhoA levels.
Ectopic expression of RhoA rescues the axon elongation phenotype by autophagy inhibition during early neurite growth. To examine whether RhoA is responsible for early axon growth af- fected by autophagy, we investigated the effects of ectopic expression of RhoA WT and RhoA G14V on axon overelongation in atg7 siRNA-mediated autophagy-deficient neurons. To accomplish this, Flag-RhoA WT or Flag-RhoA G14V (51) was cotransfected with atg7 siRNA or scrambled siRNA into cortical neurons at DIV1. The expression of RhoA WT and RhoA G14V was then confirmed by immunostaining using anti-Flag antibody (data not shown). Forced expression of RhoA WT and RhoA G14V in atg7 siRNA-transfected neurons significantly rescued the axon elongation defect (Fig. 5A and B) , while ectopic expression of RhoA WT alone did not affect axon length. However, ectopic expression of RhoA G14V reduced axon length, indicating that expression and sustained activity of RhoA enhance suppression of axon growth ( Fig. 5A and B) . These data suggest that RhoA is involved in autophagy-mediated axon growth.
Inhibition of ROCK ameliorates suppressed axon growth by autophagy activation during early neurite growth. We next examined the effects of inhibiting endogenous RhoA activity on suppressed axon growth in autophagy-activated neurons. RhoA signaling is blocked by Y-27632, an inhibitor of ROCK, which is a serine threonine kinase and a major downstream effector of RhoA (52) . Interestingly, Y-27632 treatment significantly recovered the rapamycin-mediated suppression of axon growth ( Fig. 6A and B) . Y-27632 treatment alone slightly increased axon branching (Fig.  6C ) but did not have a remarkable effect on axon elongation during DIV1 and DIV2 (Fig. 6A and B) . However, Y-27632 treatment alone at DIV2 and DIV3 (during the stage in which autophagyrelated gene expression is increased and activated) slightly increased axon length, indicating that autophagy activation affects RhoA-ROCK signaling during early axon growth (Fig. 6D) . Overall, these results suggest that RhoA-ROCK activity regulates autophagy-controlled growth of axons in cultured developing cortical neurons.
hnRNP-Q1, which negatively regulates the level of RhoA, is accumulated in autophagy-deficient cells, while its protein level was reduced by autophagy activation. To determine how autophagy affects RhoA levels, we investigated whether the autophagy pathway could degrade negative regulators of RhoA expression. hnRNP-Q1 and SMAD-specific E3 ubiquitin protein ligase 1 (SMURF1) have been shown to negatively regulate RhoA,
FIG 3 Autophagy activation by rapamycin causes suppression of axon growth during early neurite growth. (A to E) Western blots (A and B) in the absence (A) or presence (B) of ammonium chloride (10 mM), representative images of RFP-LC3-positive autophagosomes (indicated by arrows) (C), neurite length (D)
, and quantification plot of neurite length (E) of cultured cortical neurons at DIV1 and DIV2 treated with 10 nM rapamycin (Rapa) at DIV1 showing increased LC3 (more robust for LC3-II) and a decreased phospho-p70 S6 kinase/p70 S6 kinase ratio (A), accumulation of autophagosomes (C), and significant reduction in total neurite and axon but not dendrite length (D and E) at DIV2 compared to vehicle-treated control (DMSO), indicating that rapamycin induced autophagy. GAPDH was used as a loading control. Transfection with atg7 siRNA followed by rapamycin treatment led to significant improvement of total neurite and axon length, whereas atg7-c-myc* showed no improvement in total neurite and axon length. Each siRNA was cotransfected with GFP to determine the neurite morphology. CTL, control neurons were transfected with scrambled siRNA. The values are shown as means Ϯ SEM of three independent experiments. One-way ANOVA and Tukey's multiple-comparison test; *, P Ͻ 0.05; **, P Ͻ 0.01; ns, not significant. Scale bar, 20 m. (F and G) Scrambled siRNA (CTL) or atg7 siRNA was transfected into cultured cortical neurons at DIV1. The total neurite length was quantified 24 h after transfection. Shown are representative images of neurite growth (F) and a quantification plot of the neurite length (G) of cultured cortical neurons at DIV1 and DIV2. The values are shown as means and SEM. Student's t test; ns, not significant. Scale bar, 20 m.
leading to changes in neuronal morphogenesis and neurite outgrowth (53, 54) . Therefore, we examined whether hnRNP-Q1 and SMURF1 levels were affected by autophagy. Indeed, the levels of hnRNP-Q1 but not SMURF1 were significantly elevated in atg5 Ϫ/Ϫ MEFs compared to wild-type MEFs (Fig. 7A to D) . We next examined whether hnRNP-Q1 regulates the RhoA level in atg5 Ϫ/Ϫ MEFs. Knockdown of hnRNP-Q1 by siRNA reduced the hnRNP-Q1 level and increased the RhoA level in atg5 Ϫ/Ϫ MEFs, indicating that hnRNP-Q1 negatively regulates the RhoA level ( Fig. 7E and F) .
Next, we examined whether the protein level of hnRNP-Q1 was regulated during early axon growth (DIV2 and DIV3). We found that the protein level of hnRNP-Q1 decreased during this period (Fig. 7G) . Furthermore, inhibition of lysosomal degradation by leupeptin or NH 4 Cl accumulated hnRNP-Q1 during early axon growth (DIV2 and DIV3), while autophagy induction by rapamycin reduced the hnRNP-Q1 level, indicating that activation of autophagy regulates the hnRNP-Q1 level ( Fig. 7H and I) .
To check the possibility that autophagy regulates gene expression of hnRNP-Q1 mRNA during early neurite growth, we performed semiquantitative RT-PCR using neurons in which autophagy was activated by rapamycin or inhibited by atg7 siRNA. The mRNA level of hnRNP-Q1 was not affected by autophagy activation or inhibition during early neurite growth in neurons ( Fig. 7J and K) . Furthermore, there was no significant difference in the mRNA level of hnRNP-Q1 between wild-type and atg5 Ϫ/Ϫ MEFs ( Fig. 7L and M) . Taken together, these results suggest that hnRNP-Q1 was likely degraded via the autophagy pathway during early neurite growth in cultured neurons.
Reduction of hnRNP-Q1 by hnRNP-Q1 siRNA in autophagy-deficient neurons rescues the RhoA level and suppresses axon elongation. To determine if the RhoA level was affected by hnRNP-Q1 in cultured cortical neurons, we reduced the hnRNP-Q1 level during autophagy activation at DIV2 and DIV3 using siRNA in neurons. Reduction of hnRNP-Q1 increased the RhoA level, indicating that hnRNP-Q1 negatively controls the level of RhoA in cultured cortical neurons (Fig. 8A and B) . Moreover, siRNA-mediated double knockdown of hnRNP-Q1 and ATG7 in neurons increased the RhoA level that had been reduced by autophagy deficiency (Fig. 8C and D) . These results suggest that hnRNP-Q1, which is reduced by autophagy activation, negatively regulates the RhoA level in cultured cortical neurons.
Finally, to determine whether increased hnRNP-Q1 in autophagy-deficient neurons is indeed associated with the axon elongation phenotype, hnRNP-Q1 siRNA was transfected into atg7 knockdown neurons at DIV1 to DIV3. Interestingly, axon elongation caused by atg7 siRNA was suppressed by hnRNP-Q1 siRNA, although reduction of hnRNP-Q1 itself suppressed axon growth partially via increased RhoA, as shown in Fig. 8A , B, E, and F. Taken together, these data indicate that hnRNP-Q1 regulated by autophagy could regulate the RhoA level and early axon growth.
DISCUSSION
Metabolic homeostasis in developing neurons, which are nondividing cells, is especially important for remodeling of their polarized structures, axons and dendrites. Structural plasticity during developmental processes requires proper protein or organelle degradation. Among degradation pathways in neurons, au- tophagy is the only bulk lysosomal-degradation pathway that regulates cytosolic components, including proteins, RNA, lipids, and organelles (14) . The autophagy pathway is essential to development, differentiation, homeostasis, longevity, tumor biology, cell death, and immunity, as well as to stress-associated conditions (55, 56) . Therefore, dysfunction of autophagy causes various human diseases, including cardiovascular diseases, infectious diseases, cancer, and neurodegenerative diseases (17, 55) .
Autophagy is highly active in mature neurons, indicating that neuronal homeostasis is important for their specialized functions and survival. Despite increased focus on the role of autophagy in physiology and pathology in mature neurons, little is known about the roles of autophagy in early neurite growth in postmitotic neurons. Indeed, it is challenging to track neurite growth in vivo using current methods and models due to their rapid development and the complexity of brain development. Therefore, in this study, we used cultured postmitotic neurons, which comprise a well-characterized model that represents the sequence of morphological events in early axon or dendrite growth during neurite development in vivo (36, 37) . To study autophagy, we used siRNA-mediated knockdown and MEFs from knockout animals instead of atg knockout mice, because complete knockout of autophagy causes extensive neurodegeneration in the CNS, raising the possibility of overlooking subtle phenotypes (21, 22, 57) . Using these approaches in cultured mammalian cortical neurons, we showed for the first time that autophagy during early axon growth negatively regulates hnRNP-Q1 levels, which negatively controls RhoA levels and in turn negatively regulates axon extension. Autophagosomes are abundant in the distal region of axons and the proximal region of dendrites, indicating their possible roles in these structures (30, 33, 58) . Our finding that autophagy was activated and mTOR inhibition was inhibited during early neurite growth supports the possibility that autophagy plays a role in early neurite growth. One of the pathways involved in mTOR inhibition during early axon growth in vitro is the phosphoinositide 3-kinase (PI3K)-Akt-tuberous sclerosis complex (TSC) signaling pathway (59, 60) . TSC1 and TSC2 play important roles in restricting cell size and cell growth (61, 62) . The TSC1-TSC2 complex has been shown to inhibit mTOR signaling (63, 64) , and TSC has been reported to be localized in axons in developing cultured neurons, while Tsc1-Tsc2 acts upstream of the mTOR-mediated axonal growth-regulated pathway (65) . Interestingly, overexpression of Tsc1/2 or rapamycin in cultured hippocampal neurons suppresses axon growth (65) . Therefore, expression of Tsc1-Tsc2 might be increased during early axon growth, resulting in inactivation of mTOR and leading to suppression of axon growth.
Moreover, in our study, the stage of expression of autophagyrelated genes coincides with that of axonal growth in culture. Indeed, studies have suggested an involvement of autophagy in axon development. Hollenbeck (66) demonstrated that autophagosomes were present within growth cones and the distal region of axons, indicating that their dynamic retrograde transport for degradation might affect axon growth and maintenance. Neurite outgrowth has also been reported to be induced by bafilomycin A1 as an inhibitor of vacuolar H ϩ -ATPase, which is an inhibitor of lysosomal degradation in PC12 cells. Accordingly, these findings indicate that the autophagic pathway may also play a role in neurite outgrowth (67) . Despite these findings, autophagic regulation of axon extension during neural development needs to be confirmed in vivo. Recent genetic studies have indicated a role of autophagy in axon growth in vivo. Pro-opimelanocortin (POMC) neurons showed active autophagic vacuoles in their projections, while loss of autophagy in POMC neurons perturbed axon growth in vivo (68) . A murine study using Unc51.1/Ulk1, which is also required for autophagy induction, revealed that inhibition of Ulk1 suppresses neurite outgrowth (69) , which is inconsistent with our finding that autophagy deficiency causes axon elongation. However, Ulk1/ATG1 might regulate neurite outgrowth through an autophagy-independent pathway that controls membrane vesicle trafficking, as previously reported (70, 71) . Although there are some differences in their effects on axon growth, these might be due to differences in neuronal-cell types, the level of reduced autophagic activity, or the time or duration of autophagy deficiency. Another study demonstrated that lysosomal activity and autophagic vacuoles were associated with axonal pruning in developing nervous systems in mice (32) . These data support our finding that autophagy in postmitotic neurons is involved in regulation of early axon growth. In addition to the role of autophagy in early axon growth, we also provide evidence of the underlying mechanism through which autophagy regulates early axon growth. Our results suggest that autophagy regulates axon growth via upregulation of the RhoA-ROCK pathway in developing neurons. RhoA and its downstream effector, ROCK, are well-known negative regulators of the early stages of axon extension in cultured neurons (72) (73) (74) . Indeed, forced expression of the wild-type or constitutive active form of RhoA in autophagy-deficient neurons rescued the axon elongation phenotype caused by autophagy reduction. Furthermore, inhibition of the ROCK pathway under autophagy induction recovered reduced axon growth. Taken together, these findings indicate that RhoA plays a key role in autophagy-associated suppression of axon elongation during the early stages of axonal growth.
It is unclear how autophagy, a predominantly degradative pathway, positively regulates RhoA levels. One possibility is that autophagy directly or indirectly degrades a negative regulator of RhoA expression or signaling. Our study showed that hnRNP-Q1 could be one of the substrates degraded by autophagy during early axon growth. Xing et al. demonstrated that hnRNP-Q1 represses RhoA expression at the posttranscriptional level and that knockdown of hnRNP-Q1 causes the phenotype associated with elevated RhoA levels (54) . hnRNP-Q1 has been characterized as an NS1-associating protein 1 (Nsap1), and its expression in the CNS has been shown to be developmentally regulated (75) (76) (77) . It is interesting that the level of hnRNP-Q1 is also regulated by the autophagic pathway during early neurite development. Therefore, it appears that autophagy activation during axon extension downregulates hnRNP-Q1, which subsequently leads to RhoA upregulation, thereby regulating axon elongation. Another possibility is that a transcriptional repressor of RhoA is a substrate for autophagic degradation, since autophagy may regulate RhoA at the transcriptional level. It will be interesting to identify additional autophagy substrates responsible for this regulation at the transcriptional or posttranscriptional level.
A number of studies have suggested that impairment of autophagy in mature neurons is primarily linked to axonopathy and results in neurodegeneration, indicating that axonal homeostasis and maintenance of axon structure are highly dependent on constitutive neuronal autophagy (78, 79) . A recent report indicated that inhibition of the lysosomal pathway selectively impairs axonal retrograde transport of autophagosomes containing degradative organelles, which causes Alzheimer's-like axonal dystrophy (58) . This discrepancy in the effect of autophagy deficiency on the axon phenotype could be due in part to differences in the level of Ϫ/Ϫ MEFs transfected with hnRNP-Q1 siRNA showing a significant decrease in hnRNP-Q1 levels (F) and a significant increase in RhoA levels (F) relative to control scrambled siRNA, indicating that hnRNP-Q1 negatively regulates RhoA. GAPDH was used as a loading control. The values are the means and SEM of three independent replicates. Student's t test; **, P Ͻ 0.01. (G) Western blot of cultured cortical neurons at DIV2 and DIV3 showing a remarkable decrease in hnRNP-Q1 and increase in LC3-II at DIV3 compared to DIV2, indicating that activation of autophagy coincides with a reduction in hnRNP-Q1 during early neurite development. GAPDH was used as a loading control. (H) Western blot of cultured cortical neurons at DIV2 and DIV3 treated with ammonium chloride (NH 4 Cl) and leupeptin (Leupep) to block lysosomal degradation showing increased hnRNP-Q1 and LC3-II levels relative to the vehicle control (CTL). (I) Western blot of cultured cortical neurons at DIV2 and DIV3 treated with rapamycin (Rapa) showing a decrease in hnRNP-Q1 and an increase in LC3-II in the presence or absence of NH 4 Cl. GAPDH was used as a loading control. (J and K) Representative gel images of semiquantitative RT-PCR (J) and densitometric quantification of band intensities (K) illustrating the relative levels of hnRNP-Q1 mRNA in cultured neurons either treated with 10 nM rapamycin or DMSO (CTL) or transfected with atg7 siRNA or scrambled siRNA (CTL). There was no significant difference in the mRNA levels of hnRNP-Q1 between CTL (DMSO or scrambled siRNA) and neurons regulated by autophagy. The relative gene expression of hnRNP-Q1 mRNA was normalized to that of GAPDH. The values are the means and SEM of three independent replicates. Student's t test; ns, not significant. (L and M) Representative gel images of semiquantitative RT-PCR (L) and densitometric quantification of band intensities (M) illustrating the relative levels of hnRNP-Q1 mRNA in wild-type and atg5 Ϫ/Ϫ MEFs. There was no significant difference in the mRNA levels of hnRNP-Q1 between wild-type and atg5 Ϫ/Ϫ MEFs. The relative gene expression of hnRNP-Q1 mRNA was normalized to that of GAPDH. The values are the means and SEM of three independent replicates. Student's t test; ns, not significant. autophagy reduction between studies. Complete knockout of autophagy is associated with axon degeneration, while reduction (or transient impairment) of autophagy might be involved in refinement of axon length during early neurite growth. Overall, accumulating evidence strongly suggests the importance of autophagy in axonal physiology and pathology.
In conclusion, although autophagy is reportedly important for survival in mature neurons, our findings suggest that it plays a role in the early morphological plasticity of neurite growth in cultured cortical neurons. We propose that autophagy might be a potential cellular and molecular mechanism underlying axon extension and degeneration during early axonal growth. Autophagy could also be a fine regulatory mechanism of axon extension and degeneration during early neurite growth in mammalian neurons. Acute defects in autophagy during early neurite development may cause impairment of axon growth and result in synaptic malfunction before severe neurodegeneration. Thus, manipulation of the autophagic pathway may represent an important therapeutic strategy for promotion of axonal growth or regeneration in neurodevelopmental disorders, as well as neurodegenerative diseases with axonopathy.
